Abstract Evidence is presented that the frequency of extremely strong fronts, which occur mainly in summer, has increased over Europe in ERA-Interim reanalyses data . Fronts are defined using a common detection scheme based on gradients of equivalent potential temperature (θ e ) at 850 hPa. The frequency increase is due to increasing atmospheric humidity, which in turn is reported as statistically significant over Europe in the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC AR5). There is no trend in the frequency of extremely strong fronts in North America where humidity trends are, according to the IPCC AR5, close to zero. Because frontal precipitation increases with frontal strength, measured by the θ e gradient, the increase in the number of extremely strong fronts may help explain regional patterns of longer-term trends in strong precipitation events.
Introduction
High-impact, small-scale weather events, such as hail storms, wind extremes, or intense precipitation, are frequently associated with the passage of large-scale fronts [James and Browning, 1979; Volkert et al., 1987; Mills, 2005; Catto et al., 2012; Catto and Pfahl, 2013; Reeder et al., 2015; Schemm et al., 2016] . Hence, trends in the frequency, intensity, and spatial variability of fronts potentially are an important agent of trends in extreme weather phenomena and drivers behind their high spatiotemporal variability. In fact, Catto and Pfahl [2013] found that up to 90% of all midlatitude precipitation extremes are associated with fronts. They also showed that fronts that produce extreme precipitation events have on average higher frontal strengths by up to 35% (the front definition is discussed below). Consequently, it is not only the number of fronts that relates to the occurrence of extreme weather events but also their strength. Stronger fronts are more likely to be linked to extreme weather than weak fronts.
A front is related to a sharp transition in time or space of a relevant meteorological variable, e.g., density, temperature, humidity, or wind direction. The pertinent meteorological characteristic of a front is its horizontal gradient, which in this study we take as the gradient of equivalent potential temperature (θ e ) at the 850 hPa level. This choice is equivalent to Catto and Pfahl [2013] who used wet-bulb potential temperature on 850 hPa. Both these temperature combine the effects of strong temperature and humidity contrasts across the front, which is ideal for detecting cold and warm fronts and is a common and accepted technique to detect large-scale mobile fronts [Hewson, 1998; Jenkner et al., 2010; Hewson and Titley, 2010; Berry et al., 2011; Schemm et al., 2015] . We justify our choice in greater detail in the methods section.
Research on weather extremes and their global and regional trends in a warmer and moister atmosphere have received considerable attention [e.g., Easterling et al., 2000; Allan and Soden, 2008; Rahmstorf and Coumou, 2011; Barriopedro et al., 2011; Coumou and Rahmstorf, 2012; Palmer, 2014; Fischer and Knutti, 2015] . After analyzing the frequency of extremely strong fronts we therefore assess the individual contributions of temperature and humidity to the change in the frequency of extremely strong fronts. This is important because the used front definition combines information on temperature and humidity gradients.
This study focuses on the question if the number of strong fronts changed during recent decades. We start with analyzing the annual number of extremely strong fronts, and then we identify their preferred season of occurrence and examine trends (section 3.1). Next we disentangle the individual contributions of moisture and temperature gradients to the observed trend (section 3.2). over North America (section 3.2). Finally, we discuss the relationship between frontal strength, frontal precipitation intensity, and implication of this relationship for extreme precipitation events (section 4) before we conclude.
Methods: Detection of Large-Scale Mobile Fronts and Attribution to Precipitation
We regard fronts as those types of large-scale mobile fronts that are associated with extratropical cyclones. The cyclone's cold and warm fronts separate air masses of different origin and character, e.g., warm-moist tropical air from cold-dry polar air. So far, meteorologist have not agreed on one ultimate definition of fronts [Mass, 1991; Uccellini et al., 1992; Sanders and Doswell, 1995; Hewson, 1998; Sanders, 1999; McCann and Whistler, 2001] , but several previous studies have identified θ e as a powerful variable to detect large-scale mobile fronts due to its conservation properties [Cahir and Lottes, 1982; Steinacker, 1992; Hewson, 1997 Hewson, , 1998 Hewson, , 2009 Jenkner et al., 2010; Hewson and Titley, 2010; Berry et al., 2011; Baldwin and Logsdon, 2011] . Large-scale θ e fronts are best identified at an elevated level, e.g., 850 hPa, to reduce the influence of diabatic processes at the surface (i.e., turbulent surface fluxes and boundary layer mixing), which can mask the character of the large-scale flow [Renard and Clarke, 1965; Hewson, 1998 ].
Because θ e fronts combine the effect of strong humidity and temperature contrasts into one variable, a pure humidity gradient might be identified as a front. This can, however, be seen as an advantage, and Lackmann [2011] gave a practical example: during daytime differential heating on the cold and warm sides of a front acts to reduce the (potential) temperature gradient of the front. However, a zone of important weather activity can remain after the temperature front has vanished. In such a situation θ e still detects a front, while a method based on potential temperature detects this front only at certain times during the day [Lackmann, 2011] . In addition, moisture gradients are important factors for the formation of deep convection, which is often related to the formation of strong precipitation events [Sanders and Doswell, 1995] .
Following earlier studies [Renard and Clarke, 1965; Clarke and Renard, 1966; Hewson, 1998; Jenkner et al., 2010; Berry et al., 2011; Schemm et al., 2015] , fronts are identified at the 850 hPa level using the thermal front parameter. This parameter is defined as TFP ¼ À∇ ∇θ e j jÁ∇θ e = ∇θ e j j TFP (thermal front parameter) is a derivative of the magnitude of the θ e gradient perpendicular to the frontal zone. The strength of a front is defined in terms of its θ e gradient. Fronts are identified globally on a regular grid with 1°grid spacing. All quasi-stationary fronts, which, for example, form along coastlines, are removed from the data set by a minimum advection threshold of 3 m s À1 applied to the wind in the across-frontal direction. In addition, all fronts are required to have a minimum length of 500 km. A more detailed description, including validations and examples of the employed algorithm, is presented in Schemm et al. [2015] . This study is entirely based on 6-hourly ERA-Interim data [Dee et al., 2011] .
All front grid points are taken into account in our analyses. We do not assign one single value of the front strength to individual fronts. This increases the statistical robustness of our results, and it avoids difficulties when, for example, the front strength varies strongly along a front. Later, we compare the annual numbers of analyzed fronts and front grid points and show that our results are not a consequence of an increase in the number of fronts.
We further discuss the relationship between frontal strength and frontal precipitation. This relationship is evaluated using precipitation accumulated during the 6 h after frontal passage (t) and the frontal strength (K [100 km] À1 ) at time t. Thus, at every grid point along a front, frontal gradients are associated with accumulated precipitation during the following 6 h. To account for the propagation of the front during these 6 h, precipitation rates are averaged in a radius of 300 km around the position of the frontal grid point at time t. An example that illustrates the method is given in Figure S1 in the supporting information. For consistency with the front data we also use the precipitation forecast data from ERA-Interim.
The total number of analyzed frontal grid points for Europe (10°W-25°E, 40-60°N) during the period January 1979-February 2014 is approximately 720,000, which corresponds to roughly 14 frontal grid points per 6-hourly time step.
Geophysical Research Letters An analysis of the annual relative frequency of extremely strong fronts, i.e., fronts exceeding 10 K [100 km] À1 ,
indicates that their number has systematically increased over Europe during the past decades (Figure 2) . A frontal strength exceeding 10 K [100 km] À1 approximately corresponds to the 99.9th percentile of the frontal strength distribution, and these fronts are referred to as "extremely strong" or just "extreme." Fronts exceeding 9 K [100 km] À1 are referred to as strong fronts and these also show an increase in their annual frequency ( Figure S2 ). Annual relative frequencies are calculated by dividing the number of frontal grid points above the threshold by the total number of frontal grid points in the same year.
A logistic regression [Frei and Schär, 2001 ] reveals a statistically significant positive trend in the relative frequency of extreme frontal strengths (Figure 2 ). The logistic regression yields a p value of 0.0013, and the nonparametric Mann-Kendall test applied in combination with a Theil-Sen trend estimate yields a p value of 0.023. The increase is more pronounced after the year 2000. Finally, a seasonal analysis of frontal strengths ( Figure S3 ) identifies summer (June-August (JJA)) and autumn (September-November (SON)) as the periods . Additional gray lines at each dot span 2 times the standard deviation of the corresponding annually calculated percentile distribution for 1979-2003 (horizontal) and 2004-2013 (vertical) . Considered are only fronts over Europe (10°W-25°E, 40-60°N).
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leading to the annual increases in the number of extremely strong fronts. During winter, the threshold for extreme fronts is rarely exceeded ( Figure S3 ).
Next, consideration is given to the robustness of the result. First, there is no trend in the annual number of fronts or frontal grid points ( Figure S4) ; therefore, the trend described above is not an artefact of an overall change of front frequency or length and is also observed in the annual absolute number of extreme fronts. As mentioned earlier, the trend in the frequency of extreme fronts remains statistically significant if the threshold is reduced from 10 K [100 km] À1 (Figure 2 ) to 9 K [100 km] À1 ( Figure S2 ). The nonparametric Mann-Kendall test for the lower threshold yields a p value of 0.012 compared to 0.023 for the higher threshold. Second, for a single front, all frontal grid points above 10 K [100 km] À1 are considered in the statistical analysis. Accordingly, the trend can potentially originate from a limited number of particularly strong and long fronts. However, even if the number of frontal grid points above the threshold is limited to one per time step per front, which ensures spatial independence of the strong frontal strengths, the trend is significant for the annual ( Figure S5a ) and the JJA rates ( Figure S5b ). Third, regarding the quality of the employed reanalysis product, a thorough comparison of trends in humidity and surface temperature over Europe showed a high agreement between ERA-Interim and an independent observation-based data set [Simmons et al., 2010] . We also note that the trend is weaker during earlier decades than the one analyzed (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) .
Finally, we note that extremely strong fronts can occur at various places over Europe ( Figure S6 ). Regions where frontal strength frequently exceeds 10 K [100 km] À1 encompass mountainous regions such as the western Alps, the Dinaric Alps (19.5°W, 42°N), the Scandinavian mountains in southwestern Norway, and the Cantabrian mountains in northwestern Spain, as well as the west coast of Ireland and also many parts of France, northern Germany, Denmark, and the Baltic Sea with lower topography ( Figure S6 ). This suggests that fronts that trail synoptic-scale depressions reach extreme strength frequently but not solely after making landfall or during interaction with steep orography.
Change in Frontal Strength: Moisture or Temperature Gradients as Main Driver?
Next, we are interested in the processes that result in this trend. Frontal strength, as analyzed in this study, is a function of across-frontal temperature and specific humidity gradients; therefore, changes in either of the 
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two or both quantities can drive the observed trend in frontal strength. In the hypothetical case of uniform warming on both sides of a saturated front, the specific humidity increase will be more pronounced on the warm side of the front than on the cold side, because saturation water vapor pressure increases nonlinearly with temperature. Consequently, the frontal humidity gradient would increase, while the temperature gradient remains constant.
To shed light on the driving variable of the trend, we first consider the gradient of specific humidity for strong front grid points (9 K [100 km] À1 ), calculated on an annual basis (Figure 3a) . All four examined percentiles of the specific humidity gradient (25th, 50th, 75th, and 95th) exhibit an upward trend. This upward trend is statistically significant for the 25th (p value ∼ 0.003) and the 95th percentiles (p value ∼ 0.04), it is weakly significant for the median (p value ∼ 0.08), and not significant for the 75th percentile. Next, we consider the gradient of temperature for strong front grid points (Figure 3b ). Here the percentiles show a nonsignificant weak decrease (the estimated p value for the median and the 95th percentile is 0.2 and even larger for the 25th and the 75th percentiles). Based on these findings, we argue that the trend in the number of strong and extremely strong fronts is primarily driven by increasing atmospheric humidity. This is further supported by the fact that the annual median of specific humidity along strong fronts shows an upward trend in the ERA-Interim as well as in the Modern-Era Retrospective Analysis for Research and Applications (MERRA) [Rienecker et al., 2011] data sets ( Figure S7 ). Our findings are consistent with (i) the fact that most extreme fronts are identified during JJA, when atmospheric humidity is higher than in the other seasons, and (ii) the observed increase in humidity over Europe in the considered period [Intergovernmental Panel on Climate Change (IPCC), 2013].
However, low-tropospheric humidity is not increasing on all continents. For example, humidity trends over most parts of the U.S. are weak and close to zero and, most importantly, are not statistically significant [IPCC, 2013, Figure 2 .30]. We therefore examine the occurrence of trends in the number of extreme fronts also over North America, in a region with, in contrast to Europe, insignificant humidity trends. The region encompasses the U.S. and southern Canada east of the Rocky Mountains (110-60°W, 30°-60°N). In contrast to Europe we find in this region no upward trend in the number of extreme fronts ( Figure S8 ). Hence, this result corroborates the important role of humidity as the driver for the identified increase in the number of extreme fronts over Europe.
Discussion: Frontal Strength and Implications for Frontal Precipitation
Observed trends in summertime extreme precipitation in Europe are characterized by a pronounced spatial variability and can even have opposite signs in adjacent regions [Moberg and Jones, 2005; Moberg et al., 2006; Zolina et al., 2008 Zolina et al., , 2009 Scherrer et al., 2016] . For example, for the summer season Zolina et al. [2005] report negative trends for the Netherlands and Denmark, mixed trends over eastern Europe, and positive trends in the Alpine region. For Europe several studies suggest an increase in the likelihood of extreme summer precipitation events [Christensen and Christensen, 2003; Huntingford et al., 2003; Giorgi et al., 2016] despite the overall summertime drying trend over central and western Europe [Pal et al., 2004] . To better understand this complex trend behavior, we argue that changes in the dynamic and thermodynamic properties of individual weather systems, as demonstrated in this study for fronts, may turn out to be key.
Considering the relationship between frontal strength and precipitation for Europe (10°W-25°E, 40-60°N), we find that with increasing frontal strength the frontal precipitation rate also becomes stronger (Figure 4 ). The increase is more pronounced in the mean and in the interquantile (25%-75%) range compared to the median values and is strongest for the 95th percentile of frontal precipitation. This is in agreement with the findings of Catto and Pfahl [2013] who note that extreme-precipitation-producing fronts have up to 35% stronger frontal strengths. This implies that an increase in the number of extremely strong fronts (Figures 1 and 2 ) potentially is one driving agent behind an increase in the number of extreme precipitation events, in particular, because summertime convective thunderstorms frequently form in prefrontal zones [Browning and Monk, 1982; van Delden, 1998 van Delden, , 2001 Dahl and Fischer, 2016] .
Furthermore, the findings suggest that regionally varying trends in precipitation can potentially be driven by the spatial variability in the frequency of strong and extremely strong fronts. Our findings indicate that
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there is a need for, and potential in, future research to address the linkage between changes in the dynamic properties of weather systems, for example, fronts, and the associated regional variability of extreme precipitation events.
Over North America, where no trend in the number of extremely strong fronts is identified, Kunkel et al. [2013] report mixed precipitation trends. Trends are significant in the Southeast and Midwest but not significant in the Northeast and over the Northern Great Plains. ). The interquantile range is shaded gray. Black lines show the mean for each percentile over the entire time period. Trend estimates as obtained from the nonparametric Mann-Kendall test in combination with the Theil-Sen slope estimate for each percentile are shown in red; they are not significant for the temperature gradients but are so for 25th, 50th, and the 95th percentiles of the specific humidity gradients (see text for p values). Additionally shown are the numbers of frontal grid points exceeding 9 K [100 km] À1 in 5 year intervals.
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Finally, we note that the fact that frontal precipitation increases with stronger θ e gradients is solely a consequence of an increase in humidity and also due to more intense frontal dynamics. The forcing of vertical motion can be quantified using the Q-vector convergence [Hoskins et al., 1978; Barnes, 1985; Keyser et al., 1988; Davies, 2015] . Q-vectors computed at 850 hPa and attributed to the 850 hPa frontal strength, suggest stronger Q-vector convergence with increasing frontal strength ( Figure S9 ). This implies that the increase of frontal precipitation with frontal strength is both an effect of increased frontal dynamics (frontogenesis) and increased humidity.
Conclusions
We have argued in this study, based on analyses of atmospheric reanalysis data and using a front definition based on equivalent potential temperature at 850 hPa, that the number of extremely strong fronts over Europe has increased over the past decades due to an increase in specific humidity gradients. This trend appears to be robust for Europe, and its absence over North America is noteworthy. We argue that the contrasting trend in the number of extreme fronts is driven by the differing humidity trends over Europe and North America. Humidity gradients are known to be an important factor for the formation of deep convection [Sanders and Doswell, 1995] . Indeed, we further showed, for Europe, that frontal precipitation increases with frontal strength. Hence, the upward trend in the number of strong fronts potentially can help to explain the observed regional variations in extreme precipitation over Europe [Zolina et al., 2014; Murawski et al., 2015] . Note, however, that frontal storms are only one scenario for extreme precipitation in summer. Yet our findings highlight the importance of changes in the dynamic and thermodynamic properties of synoptic-scale weather systems (here low-tropospheric fronts), which in turn may act as drivers for the regional variability of high-impact weather (e.g., intense precipitation). 
